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pounds that are especially useful to monitor and mea 
sure cytosolic concentrations of alkali metal cations 
such as Na+, K+, and Li. The new compounds are 
comprised of: (1) crown ethers (that may or may not 
have substituent groups attached to the core carbons, 
but will always contain at least one core nitrogen) that 
are linked via the core nitrogen(s) to at least one (2) 
fluorophore that contains an additional heteroaromatic 
liganding center. In the currently preferred dye, SBFI, 
the core compound is crown ether 1,7-diaza-4,10,13-tri 
oxacyclopentadecane and the heteroaromatic fluoro 
phores are benzofurans that are linked to isophthalate 
groups. Selectivities for Nat over K+ of about 20 are 
observed, resulting in effective dissociation constants 
for Na+ of about 20 mM against a background of 120 
mM K+. Increasing Na+ increases the ratio of excita 
tion efficiency at 330-345 nm to that at 370-390 nm with 
emission collected at 450-550 nm, so that ratio fluorom 
etry and imaging work at the same wavelengths as used 
with the well-known Ca2+ indicator fura-2. If the mac 
rocyclic ring is increased in size to a 1,10-diaza 
4,7,13,16-tetraoxacyclooctadecane, the chelators be 
come selective for K+ over Nat. If the ring is de 
creased in size, for example to a 1,7-diaza-4,10-dioxacy 
clododecane, the chelators become selective for Li 
over Na. 

24 Claims, 6 Drawing Sheets 
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FLUORESCENT INDICATOR DYES FOR ALKAL 
METAL CATIONS 
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the NEI. The U.S. Government has certain rights in this 
invention. 

This application is a continuation-in-part of U.S. Ser. 
No. 27,502 filed Nov. 14, 1988 now abandoned. 

FIELD OF THE INVENTION 
The present invention relates generally to new mac 

rocyclic fluorescent chelating compounds for alkali 
metal cations. More specifically, the present invention 
relates to novel chemical compositions comprised of: 
the combination of (1) an aza-crown ether and (2) li 
gand(s), at least one of which will be a heteroaromatic 
fluorophore that bears additional cation chelating cen 
ters, wherein the ligand(s) is attached to the aza-crown 
ether via the sp3-hybridized core nitrogen(s). The new 
fluorescent indicator compounds of the present inven 
tion are used to nondestructively observe concentra 
tions of free alkali metal cations such as Nat, K, and 
Lit, particularly inside living cells and tissues. 

BACKGROUND OF THE INVENTION 

Nearly all animal cells maintain a large difference in 
sodium concentrations between their interiors (typi 
cally 10-40 mM) and the extracellular milieu (120-450 
mM). This gradient is used to power nutrient uptake, 
epithelial transport, regulation of other intracellular 
ions, and transmission of electrical impulses. These 
functions are so important that organisms devote a 
major part of their metabolic energy to maintaining the 
sodium gradient (1,2). 

Measurements of intracellular Na are essential to 
understanding the many biological roles of this ion. 
Current techniques fall into three categories: (1) Assays 
that measure total cell Na+ but destroy the tissue; (2) 
Non-destructive assays that rely on nuclear magnetic 
resonance; and (3) Non-destructive assays that rely on 
well-defined physiochemical equilibria to measure free 
Na+) or Na+ activity. 
Examples of assays that measure total cell Nat but 

destroy the tissue include flame photometry, atomic 
absorption, neutron activation, counting of Na at iso 
topic equilibrium, and electron microprobe analysis 
(30). The destructive nature of these techniques is obvi 
ously a drawback when time courses are desired. Ex 
cept for the electron-microscopic methods, these tech 
niques lack spatial resolution and demand careful re 
moval of extracellular fluid, which usually has a much 
higher concentration of Nat than the cells. The most 
general problem (18,31,32) is that the total intracellular 
Na+) usually considerably exceeds free Nati, and it 

is the latter that affects binding equilibria, transmem 
brane electrochemical gradients, and cell function. Free 
and total Na+) are known to be able to vary indepen 
dently (32). 

It is well known that NMR techniques using dyspro 
sium shift reagents can quantify the amount of intracel 
lular. Nat that is readily exchangeable on the NMR 
time scale (33,34). This probably includes weakly bound 
Na+ as well as free. Though non-destructive, this tech 
nique requires relatively large amounts of tissue packed 
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2 
at high density in a magnet cavity, an environment 
awkward for other manipulations. 
Techniques that rely on well-defined physiochemical 

equilibria to nondestructively measure free Nat (or 
Na+ activity) include 19F MR of Na+-sensitive chela 
tors (6), Na+-selective microelectrodes (32), and the 
new fluorescent indicators of the present invention. 
Advantages of fluorescent indicators include excellent 
spatial and unsurpassed temporal resolution, compatibil 
ity with cell types too small or fragile to impale with 
ion-selective and voltage reference barrels, and applica 
bility to single cells as well as to populations (35). Per 
haps the chief disadvantage is the demand for optical 
clarity of the tissue. 

Prior art techniques for measuring and manipulating 
intracellular free sodium concentrations (Na) have 
been severely limited by the lack of synthetic ligands 
that can bind sodium with the requisite affinity and 
specificity in aqueous solution at pH 7. A particularly 
desirable ligand would have the following properties: 

(1) Nat should bind with a dissociation constant (Kd) 
of 5-50 mM at pH 7, in aqueous solution with no or 
ganic co-solvents permitted. Such a Kd would approxi 
mately match the expected range for Nati and maxi 
mize sensitivity to small changes in Nati. Excessive 
Nat affinity would be undesirable, since the indicator 
would then either be Nat-saturated and unresponsive, 
or if applied in excess would depress Natl. 

(2) The indicator should have enough discrimination 
against K+ (at least twenty-fold, or a Kad 150 mM), 
H+ (highest pKa (6.5), Mg2+ (Kdd 10 mM), and Ca2+ 
(Ka). 10 uM) so that physiological variations in those 
ions have little effect. 

(3) It would show reasonably strong fluorescence, 
characterizable by a product of extinction coefficient 
and fluorescence quantum yield exceeding 10-M-1 
C-1. 

(4) Its excitation wavelengths should exceed 340 nm, 
because shorter wavelengths demand expensive quartz 
rather than glass microscope optics and are strongly 
absorbed by nucleic acids and aromatic amino acids. 

(5) Emission wavelengths should exceed 500 nm to 
reduce overlap with tissue autofluorescence from re 
duced pyridine nucleotides peaking near 460 nm. 

(6) Either the excitation or emission spectrum or both 
should undergo a large wavelength shift upon binding 
Na+, so that ratioing of signals at two excitation or two 
emission wavelengths can cancel out the local path 
length, dye concentration, and wavelength-independent 
variations in illumination intensity and detection effi 
ciency. 

(7) The indicator should have enough polar groups 
such as carboxylates to render it highly water-soluble 
and imperimeant through membranes, so that it does not 
rapidly leak out of cells. 

(8) The polar groups just mentioned should be mask 
able by nonpolar protecting groups hydrolyzable by 
cytoplasm, so that large populations of cells can be 
loaded with the indicator by incubating them with the 
membrane-permeant nonpolar derivative rather than 
requiring microinjection or other techniques of mem 
brane disruption. The most obvious protecting groups 
are acetoxymethyl esters, which have proven to be 
useful with a wide variety of cation indicators (51,52). 
No such compound has yet been demonstrated to 

work in living cells despite nearly two decades worth of 
research on crown ethers and related ligands. Indicator 
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dyes with visible absorbance and moderate preference 
for Na+ over K+ have been reported (3,4) but their 
operation is limited to nonaqueous solvents like acetoni 
trile, and no quantitative data is available on their cation 
binding constants. Higher affinity and selectivity for 
Na over K in water can be obtained with macrobi 
cyclic chelators, for example the cryptand "2.2.1" (see 
ref, 5 and FIG. 1). Recently, fluorine-substituted cryp 
tands have been introduced for measurement of Nati 
by 19F-NMR (6). A promising fluorescent version was 
also described by Smith, et al., (1988) (see ref. 7), but its 
excitation and emission spectra peaked at rather short 
wavelengths, 320 and 395 nm respectively, and no dem 
onstration of intracellular use was given. The highest 
selectivities for Nat over Kit are obtained in very large 
rigid chelators called "spherands'; so far these require 
organic solvents for solubility and are so rigid that 
hours to days are required for equilibration with Nat 
(8,9). The main mechanism by which they give optical 
shifts upon metal binding has been the displacement of 
a proton from the binding cavity, but this equilibrium 
must inherently be pH-sensitive, which is an unwanted 
feature. We chose to explore crown ethers rather than 
the more elaborate cryptands and spherands both for 
ease of synthesis and because of a concern that the 
conformational rigidity and preorganization of cryp 
tands and spherands would tend to reduce the spectro 
scopic shift upon metal binding. 
The present invention discloses a new series of mac 

rocyclic compounds that can chelate alkali metal cati 
ons and that attain the basic goals described above for a 
desirable fluorescent sodium indicator. Tests in lympho 
cytes, hepatocytes, fibroblasts (10), smooth muscle cells 
(11), and gastric glands (12) demonstrate the biological 
utility of the macrocyclic compounds of the present 
invention for nondestructive observation of Nai in 
individual cells viewed by fluorescence microscopy. 

DESCRIPTION OF THE ORAWINGS 

The drawings comprise 6 Figures, of which: 
FIG. 1 is a drawing that shows the structures of some 

of compounds of the present invention. For compari 
son, Lehn's cryptand 2.2.1) (see ref. 5) is shown in the 
upper left hand corner. Below cryptand 2.2.1) are three 
generic types of crown ethers that have been prepared 
for use in the making some of the compounds of the 
present invention. To the right of the vertical dividing 
line are examples of some of the aromatic and heterocy 
clic substituents that can be attached to the nitrogens of 
the crown ethers. Compound "SBFI" is 2PP; "SBFO' 50 

Dissociation constants, cation affinities, plus the ab 
sorbance and emission maxima and quantum efficiency 
for sodium are given in TABLE 1. 

FIG. 2 is a graph that shows the fluorescence excita 
tion spectra of SBFI as a function of increasing (Na+) 
and decreasing K+. The lowest curve (Na+)=0) was 
obtained with 5 uM SBFI in 130 mM KC, 10 mM 
MOPS, KOH to pH 7.05, approximately 135 mM total 
Kt. The highest curve (Na+)=135 mM) was analo 
gously recorded from 5 LM SBFI in 130 mM. NaCl, 10 
mMMOPS, NaOH to pH 7.05. The intermediate curves 
from 1.35 to 94.5 mM Nat were obtained by succes 
sively 1/100, 1/99, 3/98, 1/19, 1/9, , and of the K+- 
rich SBFI solution by the SBFI in Na medium. The 
excitation bandwidth was 1.85 mm; emission was col 
lected at 500 nm with 9.3 nm bandwidth. The tempera 
ture was 22, 2. 
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4. 
FIG. 3 is a graph that shows the fluorescence emis 

sion spectra of SBFI at 135 mM K+ and 135 mM Nat, 
recorded from the same solutions as used in FIG. 2 for 
0 and 135 mM. Na+. Excitation was at 360 nm; band 
widths were the same as in FIG. 2. 
FIG. 4 is a graph that shows the fluorescence emis 

sion spectra of 5 M SBFI in 14 mM NaCl, 126 mM 
KC, 1 mM MgCl2, 4 mM Tris, titrated to the indicated 
pH values by small additions of 5M H3PO4. Emission 
was collected at 530 nm. Bandwidths and temperature 
were as in FIG. 2. 
FIG. 5 is a graph that shows the fluorescence excita 

tion spectra of 6 uM SBFO as a function of increasing 
(Na+) and decreasing K+ in solutions similar to those 
in FIG. 2. The intermediate Na concentrations from 
2.7 to 94.5 mM were obtained by the iterative replace 
ment of 1/50, 3/98, 1/19, 1/9, , 2/7, and 2/5 of the high 
K+ medium by the 135 mM Na mixture. Excitation 
bandwidth was 1.85 mm; emission was collected at 515 
nm and 4.7 nm bandwidth. 

FIG. 6 is a graph that shows the fluorescence excita 
tion spectra of 10 M. PBFP as a function of increasing 
(K) and decreasing Nat) in solutions similar to those 
of FIG. 2. The lowest curve was obtained in 30 mM 
NaCl, 10 mM MOPS, NaOH to pH 7.05. The highest 
curve was in 130 mM KCl, 10 mMMOPS, KOH to pH 
7.05. The intermediate curves with 13.5 to 112.5 mM 
K were obtained by iteratively replacing 1/10, 1/9, 
1/6, , , and of the low K medium by the 135 mM 
KC solution of PBFP. 

DEFINITIONS 

In the present specification and claims, reference will 
be made to phrases and terms of art which are expressly 
defined for use herein as follows: 
As used herein, Nat) means free sodium concentra 

tion, typically in a test solution. 
As used herein, Nai means intracellular free so 

dium concentration. 
As used herein, crown ethers mean macromonocyclic 

polyethers with the repeating unit, (-CH2-CH 
2-Y-)n, where Y is a heteroatom (e.g., O, S, N, P), 
and n is greater than 2. In the crown ethers that are 
useful in making the macrocylic fluorescent compounds 
of the present invention, the total number of atoms in 
the crown ring will be at least 12, but not greater than 
18; n will be at least 4, but not greater than 6; n will be 
N or O, not S or P; and at least one Y will always be N. 
For examples that illustrate preparation of crown 
ethers, see C. J. Pedersen, J. An. Chen, Soc., 89, 2495, 
7017 (1967); also see U.S. Pat. No. 3,687,978, which 
issued to C. J. Pedersen in 1972. For other examples and 
reviews of the crown ethers, see D. J. Cram, J. M. 
Cram, Science, 183, 803-809 (1974); J. J. Christensen et 
al., Chem. Rey, 74,351-384 (1974); G. W. Gokel, H. D. 
Durst, Synthesis, 168-184 (1976); A. C. Knipe, J. Chem. 
Ed., 53, 618-622 (1976); S. Kulstad and L. A. Malmsen, 
Acta Chemica Scandinavica, B 33, 469-474 (1979); Mac 
rocyclic Polyether Synthesis, Gokel, G. W., and Korzeni 
owski, S. H., (Eds.), Springer Verlag, Berlin (1982); D. 

. A. Laidler and J. F. Stoddart, in The Chemistry of 
Ethers, Crown Ethers, Hydroxyl Groups and Their Sul 
phur Analogues, Supplement E, part 1, (S. Patai, ed.), pp. 
1-58, John Wiley, New York (1980); F. Vögtle, F., and 
E. Weber, ibid, at pages 59-156; Progress in Macrocyclic 
Chemistry, Izatt, F. M. and J. J. Christensen, J.J., (Eds.), 
a continuing series from J. Wiley, New York. 
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In another way, the compounds are described as a 
combination of: 

(1) aza-crown ether and (2) ligand Ll and optionally 
ligand L: 

Ll-AZACROWNETHER-L2 

1mnum 
L1-AZACROWNETHER 

1minum 

'Quy 
wherein at least one of Ll and L2 is a heteroaromatic 
fluorophore that bears an additional cation chelating 
center, wherein the ligand Lland L, when present, are 
covalently attached to the aza-crown ether via the sp 
hybridized core nitrogens(s), and wherein: 

(1) the crown ether is a macrocyclic polyether with 
the repeating unit, (-CHR3-CHR32-Y-)n, 
wherein R3 and R32 are each hydrogen or at least one 
of R31 and R32 on the aza-crown ether core carbons is 
selected the group consisting of: -COOH, -CH2OH, 
-C(=O)N(CH3)2, or C1-C4 alkyl and the other group 
is hydrogen; or R3 and R32 together are selected from 
the group consisting of -(CH2)3- and -(CH2)4-; 
R31 and R32 are part of an aliphatic system, or R3 and 

or Li-N Y-L2 1N 
Nu1 

10 

5 

20 

25 

R32 together are -(CH)4- and R3 and R32 are part of 30 
an aromatic system; or R3 and R32 on non-adjacent 
core carbons of the aza-crown ether together are se 
lected from the group consisting of -(CH2)2- and 
-(CH2)3- and R31 and R32 are part of an aliphatic 
system, or R3 and R32 together are -(CH)3- and R3 
and R32 are part of an aromatic system. 
As used herein, "aza-' is used generically to mean 

containing nitrogen, "monoaza-' is used more specifi 
cally to mean a crown ether that contains one nitrogen, 
"diaza-'means containing two nitrogens, etc. 
As used herein, when referring to the crown ethers, 

35 

nomenclature lists non-ring substituents, ring substitu 
ents, number of atoms in the ring, the class (crown), and 
the number of heteroatoms in the ring. For example, 
diaza-15-crown-5-pyridinophane would be represented 
by the following formula (Note: In the structures, L 
means ligand): 

YN / 
\o o 

\-/ 

As used herein, when it is said that a diaza crown 
ether is "symmetrical' it means that the two nitrogens 
are located in positions as remote as possible from each 
other in the crowns. Examples of symmetrical diaza-18 
crown-6 ethers would be 1,10-diaza-18-crown-6 or 1,7- 
diaza-15-crown-5. The formula for 1,7-diaza-15-crown 
5 is given below. 

45 

50 
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Vo, o J 
As used herein, when it is said that a diaza crown 

ether is "asymmetrical' it means that the two nitrogens 
arelocated in positions as close as possible to each other 
in the crown. Examples of asymmetrical crown ethers 
include: 1,4-diaza-15-crown-5, 1,4-diaza-18-crown-6, 
and 1,7-diaza-18-crown-6. The formula for 1,7-diaza-18 
crown-6 is given below: 

1so n 

(, .) 
tlu ou - 

As used herein, "diaza15-crown-5' and "Kryptofix 
21' mean the commercially available crown ether 1,7- 
diaza-4,10,13-trioxacyclopentadecane. Kryptofix. 21 is 
available from Aldrich Chemical Company, Milwau 
kee, Wis. 53233. 
As used herein, "Kryptofix 22" means the commer 

cially available crown ether 1,10-diaza-4,7,13,16-tet 
raoxacyclooctadecane. Kryptofix 22 is available from 
Aldrich Chemical Company, Milwaukee, Wis. 53233 
under the name "1,4,10,13-tetraoxa-7, 16-diazacyclooc 
tadecane. 
As used herein, compounds are not always referred to 

by their chemical names. In some instances the com 
pounds are referred to by their structures, i.e., the struc 
tures shown in FIG. 1. Such compounds are printed in 
bold. The compounds are named with a number and a 
letter, i.e., 1B where the number refers to the crown 
ether shown as structure 1, 2 or 3, and the letter refers 
to the substituents shown as structures A-P. 
As used herein, compound "SBFP" means the com 

pound whose structure is shown in FIG. 1 as 2NN, i.e., 
the combination of crown ether 2 and two N substitu 
ents. (SBFP has one N substituent attached to each of 
the two core nitrogens in crown ether 2) "SBFP" is 
short for sodium-binding benzofuran phthalate. Both 
SBFP and 2NN are used herein to refer to this com 
pound. 
As used herein, compound "SBFO" means the com 

pound whose structure is shown in FIG. 1 as 200, i.e., 
the combination of crown ether 2 and two O substitu 
ents. (SBFO has one O substituent attached to each of 
the two core nitrogens in crown ether 2) "SBFO"...is 
short for sodium-binding benzofuran oxazole. Both 
SBFO and 200 are used herein to refer to this con 
pound. 
As used herein, compound "SBFI' means the com 

pound whose structure is shown in FIG. 1 as 2PP, i.e., 
the combination of crown ether 2 and two P substitu 
ents. (SBFI has one P substituent attached to each of the 
two core nitrogens in crown ether 2) "SBFI' is short 
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for sodium-binding benzofuran isophthalate. Both SBFI PBFI is an example of a symmetric diaza-18-crown-6 
and 2PP are used herein to refer to this compound. having identical ligands attached to the two core nitro 
As used herein, compound "PBFP' means the com- gens. 

pound whose structure is shown in FIG. 1 as 3NN, i.e., As used herein, when referring to the compounds of 
the combination of crown ether 3 and two N substitu- 5 the present invention, when it is said that the "ligands' 
ents. (PBFP has one N substituent attached to each of that are attached to the aza-crown ether (via the sp 
the two core nitrogens in crown ether 3.) "PBFP" is hybridized core nitrogen(s) of the aza-crown ether) 
short for potassium-binding benzofuran phthalate. Both "are different', it means that the ligand attached to any 
PBFP and 3NN are used herein to refer to this com- one core nitrogen is not the same as a ligand(s) attached 
pound. 10 to another core nitrogen(s). The following formula is an 
As used herein, compound "PBFO' means the com- example of a diaza-18-crown-6 having different ligands 

pound whose structure is shown in FIG. 1 as 3OO, i.e., attached to the two core nitrogens. 

V 

O O 

(" ") , 
N NN-N I & O CH3 

CH3O O O 

the combination of crown ether 3 and two O substitu 
ents. (PBFO has one O substituent attached to each of SUMMARY OF THE INVENTION 
the two core nitrogens in crown ether 3.) "PBFO' is The present invention discloses new macrocyclic 
short for potassium-binding benzofuran oxazole. Both fluorescent chelating compounds for alkali metal cati 
PBFO and 300 are used herein to refer to this com- 30 ons. The new macrocyclic fluorescent chelating com 

HOOC 

HOOC 

pound. pounds are comprised of the combination of (1) an aza 
As used herein, compound "PBFI' means the com- crown ether and (2) ligand(s), at least one of which will 

pound whose structure is shown in FIG. 1 as 3PP, i.e., be an aromatic or heteroaromatic fluorophore that 
the combination of crown ether 3 and two P substitu- bears an additional cation chelating center, wherein the 
ents. (PBFI has one P substituent attached to each of the 35 ligand(s) is attached to the aza-crown ether via the 
two core nitrogens in crown ether 3.) "PBFI" is short sp3-hybridized core nitrogen(s). 
for potassium-binding benzofuran isophthalate. Both In the compounds of the present invention, the crown 
PBFI and 3PP are used herein to refer to this com- ether is selected from the group consisting of aza-12 
pound. crown-4, aza-15-crown-5 and aza-18-crown-6. Accord 
As used herein, when it is said that the "ligands' are 40 ing to the invention, the aza-crown ethers may be sym 

attached to the aza-crown ether via the sp3-hybridized metric or asymmetric monoaza-, diaza-, triaza-, tet 
core nitrogen(s), it means that the ligands are attached raaza-, pentaaza-, or hexaaza-crown ethers. Also ac 
via the nitrogen atomic orbitals that arise from the mix- cording to the invention, at least one of the hydrogens 
ing of ones orbital and 3 p orbitals. See Organic Chemis- on the core carbons of the crown ether may be substi 
try, Second Edition, R. T. Morrison and R. N. Boyd, 45 tuted by -COOH, -CH2OH, -C(O)N(CH3)2, or 
Allyn and Bacon, Inc., Boston, (1970), at pages 10-18. C1-C4 alkyl. Alternately, hydrogens on adjacent core 
An example of this kind of bonding is shown in the carbons of the aza-crown ether may be substituted with 
following formula for PBFI: R3 and R32 (see Structure A below) wherein R31 and 

/- 

y 
N N 

As used herein, when referring to the compounds of 
the present invention, when it is said that the "ligands" 
that are attached to the aza-crown ether (via the sp3- R32 together are either -(CH2)3- or -(CH2)4- (see 
hybridized core nitrogen(s) of the aza-crown ether) 65 Structure B below, where R1 and R2 are part of an 
"are identical', it means that the ligand attached to any aliphatic system); or R and R2 together are -(CH)4- 
one core nitrogen is the same as the ligand attached to (see Structure C below, where R31 and R32 are part of 
any other core nitrogen. The formula shown above for an aromatic system). Finally, hydrogens on core car 

HOOC 
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bons on either side of core nitrogen or oxygen atom 
may be substituted with R31 and R32 wherein R3 and 
R32 together are -(CH)3- such that a pyridinium or 

Structure 1 

oxonium ring is incorporated into the aza-crown ether 5 
(see Structure D below). In the structures, L means 

10 
L 1. O ~ L2 N / 

L' 1. O 1ns N N 
N N ^ 
^ / O O 15 

O O wherein, 

)-( A and A' are independently C, N, O or S; 
R R2 D is N or O; 
Structure A 20 Q is Hor NRR2 where R1 and R2 are independently 

Structure B 

Structure D Structure C 

-H, lower alkyl (C1-C4), -CH2COOH, -CH2C 
H2OH, or phenyl (-C6H5), or R and R2 together 
are -(CH2)4-, -(CH2)5-, or -CH2C 
H2OCH2CH2-; 

Q' is H. unless A is NR3, O or S; or 
Q and Q' together are NR3, and A is C; 
R3 is selected from the group consisting of H, -CH3, 
-C2H5 and -CH2COOH; 

R is (E), where n=0-3, and E is a polar electron 
withdrawing function selected from the group 
consisting of -CO2H, -CO2R, -CONRR2, 
-SO3H, -SO2NRR2, -SO2CF3, -COCH3, 
and -CN, where R and R2 are independently 

35 -H, lower alkyl (C1-C4), -CH2COOH, -CH2C 
In the compounds of the present invention, the crown H2OH, or phenyl (-C6H5), or R1 and R2 together 

ethers are preferably selected from the group consisting are CH2)4-, -(CH2)5-, or -CH2C 

of monoaza-12-crown-4, diaza-12-crown-4, monoaza- RErn the group consisting of -H, 
15-crown-5, diaza-15-crown-5, monoaza-18 -crown-6 -CH3, -C2H5, other lower alkyls up to C4, 
and diaza-18-crown-6. Especially preferred crown -OCH3, -COOH, C1-C4 alkoxy, and -OC 
ethers are 1,7-diaza-4,10-dioxacyclododecane, 1,7- RE: ether are -CH=CH-CH=CH 
diaza-4,10,13-trioxacyclopentadecane and 1,10-diaza- 45 both X and t double bonds and D is N so that 
4,7,13,16-tetraoxacyclooctadecane. D, R2, and R22 form an acridine ring system; 

According to the invention, at least one of the li- W is H and T is H; or 
gand(s) that is attached to the aza-crown ether via the W and T together are O or NR3; 
sp3-hybridized core nitrogen(s) will be a heteroaromatic' is double bond when D is N, and a single bond 
fluorophore that bears an additional cation chelating when D is O; 

- Y may be either a double or a single bond; and 
center. Heteroaromatic fluorophores bearing additional Z is an aromatic or heteroaromatic system coupled to 
cation chelating centers that are used in the compounds 55 the 5-position of one 2-aminophenoxy ring through 
of the present invention are shown below as Structure 1 a trans ethylenic linkage, wherein said ethylenic 
and Structure 2 ligands. In addition, there may be one inity i? part of an aromatic heteroaro 
Or Oe Eric the t Z is an o O heteroaromatic system coupled to 
crown ether. Inese non-fluorophore moieties are col- 60 
lectively referred to as "Structure 3 ligands.” 

In the compounds of the present invention, com 
pounds that contain "Structure 1 ligands' will contain 

the 5-position of a substituted benzene ring wherein 
said ethylenic linkage may likewise be part of an 
aromatic heteroaromatic ring system. 

In the compounds of the present invention, com 
pounds that contain "Structure 2 ligands' will contain 
heteroaromatic fluorophores selected from the group of 
ligands shown in the Structure 2 general formula below: 

heteroaromatic fluorophores selected from the group of 
ligands shown in the Structure 1 general formula below: 
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Structure 2 

wherein, 
A and A' are independently C, N, O or S; 
Q is Hor NRR2 where R1 and R2 are independently 
-H, lower alkyl (C1-C4), -CH2COOH, -CH2C 
H2OH, or phenyl (-C6Hs), or R1 and R2 together 
are -(CH2)4-, -(CH2)5-, or -CH2C 
H2OCH2CH2-; 

Q' is H. unless A is NR3, O or S; or 
Q and Q together are NR3, and A is C; 
R is selected from the group consisting of -H, 
-CH3, -C2H5, and -CH2COOH; 

R is (E) where n=0-3, and E is a polar electron 
withdrawing function selected from the group 
consisting of -CO2H, -CO2R, -CONRR2, 
-SO3H, -SO2NRR2, -SO2CF3, -COCH3, 
and -CN, where R1 and R2 are independently 
-H, lower alkyl (C1-C4), -CH2COOH, -CH2C 
H2OH, or phenyl (-C6H5), or R1 and R2 together 
are -(CH2)4-, -(CH2)5-, or -CH2C 
H2OCH2CH2-; 

R1 is selected from the group consisting of -OH, 
-OCH3, -OCH2COOH, -OCH2CH2OH, 
C-C4 alkoxy, -NR'R15, -COOH, -C- 
(O)NR14R15, or -OC(O)CH3 where R14 and R15 
are independently -H, lower alkyl (C1-C4), 
-CH2COOH, -CH2CH2OH, or phenyl 
(-C6Hs); 

R2 is selected from the group consisting of -H, 
-CH3 or -COOH; 
W is H and T is H; or 
W and T together are O or NR3; and 
Z is an aromatic or heteroaromatic system coupled to 

the 5-position of one 2-aminophenoxy ring through 
a trans ethylenic linkage, wherein said ethylenic 
linkage may itself be part of an aromatic heteroaro 
matic ring system, or 

Z is an aromatic or heteroaromatic system coupled to 
the 5-position of a substituted benzene ring wherein 
said ethylenic linkage may likewise be part of an 
aromatic heteroaromatic ring system. 

In the compounds of the present invention, com 
pounds that contain "Structure 3 ligands' will contain 
non-fluorophore ligands selected from the group con 
sisting of: 
-CH2C(O)NR'R2 where R1 and R2 are indepen 

dently -H, lower alkyl (C1-C4), -CH2COOH, 
-CH2CH2OH, or phenyl (-C6H5), or R1 and R2 to 
gether are -(CH2)4-, -(CH2)5-, -CH3C 
H2OCH2CH2- (to form a pyrrolidine, piperidine, or 
morpholine ring, respectively); 
-CH2COOH, -2-pyridylmethyl (shown below as 

structure 4); 
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12 
-2-tetrahydrofuranylmethyl (shown below as struc 

ture 5); 
-CH2CH2ORa where R is -H, (C1-C4) alkyl, 

-CHCOOH, -CH2CH2OH, or phenyl (-C6Hs); 
or -2,5-dialkoxyphenyl where the alkoxy substituent 

is C1-C4 alkoxy (shown below as structure 6). 

ORb 

N 

-CH al -a-( ) 
N O 

ORb 

Structure 4 Structure 5 Structure 6 

According to the invention, if a compound of the 
invention contains an aza-crown ether having at least 
two core nitrogens, the ligands (that are attached to the 
crown ether via sp3-hybridized core nitrogen(s)) can all 
be identical, or at least one ligand can be different from 
the other(s). 

Finally, according to the invention, in the compounds 
of the invention, any of the carboxylates can be esteri 
fied with physiologically hydrolyzable esters, prefera 
bly acetoxymethyl esters. 
DESCRIPTION OF SPECIFIC EMBODIMENTS 

The synthetic routes to chelators of the present in 
vention are shown schematically in FIG. 1 and de 
scribed in detail in the section entitled COMPOUND 
SYNTHESIS. Additional details regarding the test 
equipment and procedures are given in the section enti 
tled EXPERIMENTAL PROCEDURES. 

Compound Design and Organic Synthesis 
The new chelators of the present invention (which 

are comprised of (1) aza-crown ethers, whose core car 
bons may or may not be substituted with lower (C1-C4) 
alkyl, hydroxymethyl carboxy, carboxamido (including 
N-substituted) or saturated or unsaturated rings that are 
fused to the crown ring), wherein the crown ethers are 
linked via the core nitrogen(s) to (2) heteroaromatic 
fluorophores that bear additional cation liganding cen 
ters, begin with structure 1A. Structure 1A allows the 
initial combination of bare minimum of molecular parts, 
a macrocyclic ring of ligand groups with at least theo 
retically (17) the right size to favor Nat over K+ bind 
ing, connected via an sp3-hybridized nitrogen to a rudi 
mentary chromophore. The use of such aniline-type 
nitrogens to link chelating groups to chromophores has 
proved highly successful in the rational design of cal 
cium indicators (16,18) and gives far larger spectral 
shifts than reliance on aryl ether oxygens (19). 

Structure 1A was synthesized by Dix and Vögtle (3) 
but not characterized for cation binding properties. In 
the course of the present Work, the affinities of 1A for 
NA and K were found to be on the order of 0.5 and 
0.2M in water, too weak to be characterized accu 
rately. It was concluded that more donor groups were 
needed, especially out of the plane approximately de 
fined by the macrocyclic ring. 

Synthetic convenience suggested 1B, which was 
made by reacting 1-aza-4,7,10,13-tetraoxacyclopenta 
decane with 2-chloro-5-nitrobenzoic acid, followed by 
catalytic reduction of the nitro group to counteract its 
extree electron-withdrawing power. Compound 1B 
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had considerably higher Nat affinity, 14M, and 
Na:K selectivity (13:1) than 1A, but its pKa was too 
high, 9.21. 
Comparably high pKa's in other N,N-dialkylan 

thranilates are attributed to internal hydrogen bonding 
between zwitterionic amino and carboxylate groups 
(20). To eliminate such chelation of protons, the carbox 
ylate was abandoned in favor of an sp-hybridized nitro 
gen in 1C, in which the two nitrogens are too far apart 
to engage the same proton at once. Chelator 1C was 
prepared by reaction of 1-aza-4,7,10,13-tetraoxacy 
clopentadecane with 8-tosyloxy-5-nitroquinoline foll 
lowed by reduction of the nitro group. The resulting 
primary amino group was acetylated to block a ten 
dency to auto-oxidize. Despite the replacement of the 
carboxylate of 1B by an uncharged ligand group in 1C, 
the Nat affinity, 15M, was not diminished. As de 
sired, the pKa was lowered below 7. 

Since addition of one additional donor group out of 
the main ring plane increased the Nat affinity by more 
than an order of magnitude, a second donor group was 
added, as shown in structure 2CC. Molecular models 
suggested that this complex could neatly fold up around 
a sodium cation with the macrocyclic ring, forming an 
equatorial belt with the two additional donor groups 
capping the north and south poles. Chelator 2CC was 
prepared from the commercially available 1,7-diaza 
4,10,13-trioxacyclopentadecane with 8-tosyloxy-5- 
nitroquinoline, followed by reduction and acetylation. 
Compound 2CC indeed had a greatly increased Nat 
affinity, 190-415M1 depending on ionic strength. For 
tunately, the K+ affinity did not increase to the same 
extent. Since the spectral change associated with Kit 
binding was only half that caused by Na+ binding, Kit 
probably could interact with only one of the two quino 
line rings, presumably because Kit was too big to fit 
fully inside the macrocyclic ring but rather had to stay 
on one side of it. Compound 2CC was found, however, 
to have a major drawback in its excessive affinity for 
Mg2; nearly 1.3x10'M-1, which would give over 
whelming interference from the typical value of 1 nM 
free intracellular Mg2+. This Mg2+-binding is unusual 
in its kinetic sluggishness, with association and dissocia 
tion rate constants of only 1.48M is and 1.28X 10 
sat 25 degrees, easily observable in a spectrophotom 
eter without rapid mixing equipment. A reasonable 
explanation for the high affinity of Mg2+ for 2CC is 
that the binding site can readily collapse compactly to 
fit the small Mg2+ ion. As confirmation of this hypothe 
sis, 2CC proved to have an affinity for Lit comparable 
to that for Nat. 
To prevent such compaction of the binding site, 

methyl groups were added to the quinoline 2-positions 
to act as buttresses to prevent the quinoline nitrogens 
from too closely approaching the plane of the macrocy 
clic ring. The resulting chelator, 2DD, had <10 the 
Mg2+ affinity, and <10-2 the Li+ affinity of 2CC, yet 
retained more than half the Nat affinity. Since the two 
methyl substituents did not affect the Nat:K+ selectiv 
ity, they clearly made a major improvement overall. 
Nevertheless, though 2DD had highly satisfactory ionic 
selectivities for Nat over the other alkali and alkaline 
earth metals, it proved to lack the further properties 
necessary to make it biologically useful as a fluorescent 
indicator. Its fluorescence quantum yield was only 0.01, 
probably inadequate for use as a fluorescent intracellu 
lar indicator, considering its need for UV excitation and 
its modest extinction coefficients. Its proton affinity was 
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14 
undesirably high, the pKa for the 1st proton being 7.55. 
Of course, it had no carboxylates to enforce water solu 
bility and retention inside cells. 

In the hope of increasing the fluorescence quantum 
efficiency, several analogues of 2DD were synthesized 
with 6-alkoxy substituents on the quinaldines instead of 
the 5-acetamido groups. The rationale was that 6-me 
thoxyquinolinium fluorophores are responsible for the 
strong fluorescence of quinine. Also, addition of a 6 
methoxy substituent did turn a weakly-fluorescing 
Ca2+ indicator, quin-1, into a considerably stronger 
fluorescent dye, quin-2. (See U.S. Pat. No. 4,689,432.) 
The vacancy of the 5-position would permit attachment 
of more extensive conjugation to extend the wave 
lengths of excitation and emission. However, an entirely 
different synthetic strategy was needed since the 5-posi 
tion could not readily bear the nitro group needed to 
activate aromatic nucleophilic substitution. For this 
reason the crown macrocycle was synthesized from 
scratch by reaction of 6-methoxy-8-aminoquinaldine 
(21) with 3,6-dioxa.octanedioyl chloride (22), reduction 
of the diamide with diborane, re-acylation of the di 
amine with diglycolic acid chloride, then aluminum 
hydride (23) reduction of the amide. Aluminum hydride 
was found to give better results than diborane, since the 
latter gave products from which it was difficult to re 
move boron fully. The re-acylation with diglycolic acid 
chloride was run under high dilution conditions to favor 
macrocycle closure over polymer formation. Conven 
tionally (22), triethylamine is added to neutralize the 
HCl generated during acylation, but this base itself 
slowly destroyed the acid chloride, presumably through 
ketene intermediates. When the amine to be acylated is 
reactive, this side reaction is not serious, but with a 
bulky and less nucleophilic aromatic diamine such as 
1,8-bis(2-methyl-6-methoxy-8-quinolinyiamino)-3,6- 
dioxaoctane, a weaker tertiary base such as N,N-dime 
thylaniline is preferable to triethylamine. 

First trials of 6-substituted quinolines were conducted 
on the 6-hydroxyquinaldine 2FF obtained by demethy 
lation of the precursor 2EE bearing methoxyls. Com 
pound 2FF, however, proved to have yet another disap 
pointment in its quantum efficiency; about 0.01 and 
0.005, with and without Na+, respectively. Therefore, 
2EE was formylated at the 5-position, demethylated, 
and coupled with dimethyl 4-bromomethyl phthalate 
(24) to form the quinolinofuran 20G. The Nat affinity 
of 2CG was even higher than that of 2DD, perhaps 
aided by some long-range electrostatic attraction of the 
cation to the four negative charges. Unfortunately, the 
proton affinity likewise rose to a pKa of 7.9. Since the 
quantum efficiencies were the same low values as those 
of 2FF, this approach had to be abandoned. 

In order to bring about the hoped-for increase in both 
the wavelength and quantum efficiency of fluorescence, 
a shift was made from quinoline nuclei to acridines as in 
2HH and 2II. These compounds were prepared from 
4-methoxy-9-acridone by reduction to the acridine (25), 
nitration at the 1-position, replacement of the methoxy 
group by hydroxy, tosylation, reaction with 1,7-diaza 
4,10,13-trioxacyclopentadecane, finishing with reduc 
tive acylation. The acetamido derivative 2HH analo 
gous to 2CC and 2DD proved insufficiently soluble in 
water for spectrophotometry, so the more hydrophilic 
hemisuccinamide 2II was prepared. This had the high 
est Na affinity (312.5M-1) and Nat:K+ selectivity 
(>500) yet obtained. Unfortunately, the pKa, 8.19, was 
also nearly a record. Though the absorbance band was 
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indeed shifted into the visible, the fluorescence quantum 
yield remained very poor, so that the acridine nucleus 
was only accentuating the undesirable features of 2DD. 
The excessively high pKa's of the quinaldines and 

acridines seemed attributable to protonation on the 
heterocyclic rather than the amino nitrogens, because 
protonation gave rise to bathochromic shifts whereas 
metal cations were hypsochronic. One way to elimi 
nate the high pKa is to replace the heterocyclic nitro 
gens by less basic donor atoms such as ether oxygens. 
The first attempt at such a molecule was 2JJ, prepared 
by reaction of the diaza crown with 2-fluoro-5- 
nitroanisole (26), followed by reduction and acetylation 
as usual. 2JJ indeed had the highest pKa at 6.31, much 
lower than the pKa's for the quinaldines and acridines. 
Also, protonation of 2JJ gave a hypsochromic shift 
very similar to metal cation binding, confirming that the 
site of protonation had shifted to an amino nitrogen. 
Despite the decreased donor strength of oxygens com 
pared to nitrogens, Nat affinity was still respectable, 
83M-1 at I=0.15. However, 2JJ absorbed only in the 
deep UV, as expected from the small size of its chromo 
phore. 
A useful fluorescent indicator would require a chro 

mophore with a much longer conjugation path. The 
normal site of attachment of such conjugation would be 
para to the dialkylamino group, but that position is 
occupied by a nitrogen. All common substituents that 
extend conjugation through a -N=0 are significantly 
electron-withdrawing, so they would depress the Nat 
affinity strongly. 
To escape this quandary, an electrophile other than a 

nitrohalobenzene was needed that would react with 
amines and then be reducible to an electron-donor-sub 
stituted aromatic ring. An attractive electrophile was 
p-benzoquinone. By reaction (27,28) of a large excess of 
this cheap reagent with the diaza crown, it was possible 
to produce 2KK in which each quinone bears only one 
amino substituent. Reduction and alkylation gave 
aminoquinol ether 2LL. Vilsmeier formylation of 2LL 
followed by regioselective demethylation (29) of the 
phenol ortho to the formyl gave salicylaldehyde 2MM. 
From this intermediate, various benzofurans can be 
prepared, all representing styryl fluorophores with cis 
trans isomerism prevented by heterocyclic ring forma 
tion. Thus 2MM reacted with 2 moles of dimethyl 4 
bromomethylphthalate to form the tetramethyl ester of 
the benzofuran phthalate 2NN. Alternatively, 2MM 
with ethyl 2-chloromethyloxazole-5-carboxylate gives 
the ester of benzofuran oxazole 200, a relative of the 
successful fluorescent Ca2+ indicator fura-2. (See U.S. 
Pat. No. 4,603,209.) Finally, when 2NN and 200 
proved difficult to load as acetoxymethyl esters, 2PP 
was synthesized from 2MM plus 2 moles of dimethyl 
4-bromomethylisophthalate. For convenience we refer 
to 2NN, 2OO, and 2PP as "SBFP", "SBFO', and 
"SBFI" respectively, short for sodium-binding benzofu 
ran phthalate, oxazole, or isophthalate. 
The most successful compounds of the present inven 

tion synthesized and tested so far are N-substituted 
derivatives of commercially available 1,7-diaza-4,10,13 
trioxacyclopentadecane. This crown ether (also trivi 
ally known as "diaza 15-crown-5", "diaza-15-crown-5" 
or "Kryptofix 21') was chosen initially because it forms 
a "belt" of about the right size to fit equatorially around 
a Na+ cation (17). To make indicators for Li+ or K+. 
one would choose the next smaller or next larger crown 
ethers, 1,7-diaza-4,10-dioxacyclododecane or 1,10 

16 
diaza-4,7,13,16-tetraoxacyclooctadecane, respectively. 
The latter did indeed confer K selectivity, as shown 
by compounds 3JJ and 3NN. 
Methods for synthesizing crowns with substituents 

on the carbons of the macrocyclic ring, or rings fused to 
the macrocycle, have been reviewed by Weber & 
Vögtle (1976), Laidler & Stoddart (1980) and Nakatsuji, 
et al. (1983). (See refs. 48-50, respectively.) Such meth 
ods can be used by those skilled in the art, without 
undue experimentation, to make crowns with substitu 
ents on the carbons of the macrocyclic ring, and rings 
fused to the macrocycle. By way of example, reaction 
of the bis(dimethylamide) of tartaric acid or of a dialkyl 
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ester of tartaric acid with ethyleneimine or a N 
protected derivative thereof would give an analogue of 
1,8-diamino-3,6-dioxa.octane bearing ester or amide sub 
stituents on the 4 and 5 positions. (Instead of an 
ethyleneimine derivative, N-(2-bromoethyl)phthalimide 
could also be used, followed by removal of the phthal 
imide protecting groups using hydrazine.) This diamine 
would be condensed with diethyleneglycol ditosylate 
or a bis(2-haloethyl)ether to form a 1,7-diaza-15-crown 
5 with carboxamide or ester substituents at the 11- and 
12-positions of the macrocycle. Alternatively, conden 
sation of the diamine with triethyleneglycol ditosylate 
or bis(2-haloethoxy)ethane would give a 1,10-diaza-18 
crown-6 with carboxamide or ester substituents at the 5 
and 6-positions of the macrocycle. If hydroxymethyl 
substituents were desired, they could be obtained by 
metal hydride reduction of the ester substituents. These 
crown building blocks would replace Kryptofix 21 
(1,7-diaza-4,10,13-cyclopentadecane) and Kryptofix 22 
(1,10-diaza-4,7,13,16-tetraoxacyclooctadecane) in the 
syntheses described above for fluorescent indicators. 
Upon the final mild basic hydrolysis of ester functions, 
any carboxamide or hydroxymethyl groups would be 
expected to survive unchanged, whereas any remaining 
ester groups derived from tartaric acid would be hydro 
lyzed to carboxylate groups. 

Similarly, if 2,3-butanediol were used at the outset 
instead of a tartaric acid derivative, the result would be 
the addition of a pair of vicinal methyl substituents to 
the 11- and 12- positions of the 1,7-diaza-4,10,13 
cyclopentadecane ring or the 5- and 6-positions of the 
1,10-diaza-4,7,13,16-tetraoxacyclooctadecane ring. Use 
of catechol, 1,2-cyclohexanediol or 1,2-cyclopen 
tanediol instead of 2,3-butanediol would eventually 
generate crown ethers with benzene, cyclohexane or 
cyclopentane rings fused to the 11- and 12-positions of 
the 1,7-diaza-4,10,13-cyclopentadecane ring or to the 5 
and 6-positions of the 1,10-diaza-4,7,10,13-tetraoxacy 
clooctadecane ring. 
Yet another standard permutation of the crown ether 

system consists of replacing one or more of the oxygen 
donor atoms by the nitrogen of a pyridine ring. For 
example, an obvious analog of 1,7-diaza-4,10,13-triox 
acyclopentadecane is 5,8-dioxa-2,11-diaza 12-(2,6)- 
pyridinophane, prepared either by diborane or lithium 
aluminum hydride reduction of 5,8-dioxa-2, 11 
diaza12)(2,6)-pyridinophane-1,12-dione, or by removal 
of tosyl groups from 2,11-ditosyl-5,8-dioxa-2, 11 
diaza 12(2,6)pyridinophane (see Reaction Scheme 1, 
below; also see ref. 48). The resulting pyridinophane 
could be used in place of 1,7-diaza-4,10,13-trioxacy 
clopentadecane in all the syntheses of fluorescent indi 
cators described above. 
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Reaction Scheme 

LiAlH4 

In order to prepare indicators with two different 
substituents attached to the nitrogens of the diaza 
crown ring, the most general strategy is to acylate the 
parent diaza crown with one equivalent of a standard 
protecting reagent such as acetic anhydride, trifluoro 
acetic anhydride, ethyl chloroformate, or benzyl chlo 
roformate. A mixture of unreacted crown, monoamide, 
and diamide will form, from which the monoamide 
should be separable by chromatography. Both the unre 
acted crown and the diamide can be recycled, the latter 
by complete or partial deprotection. Once the mono 
protected diaza crown is available, the first liganding 
side arm or fluorophore can be attached to the single 
free nitrogen in precise analogy to the reactions of l 
aza-4,7,10,13-tetraoxacyclopentadecane described 
above. The protecting group can then be removed by 
standard means to allow the second liganding side arm 
or fluorophore to be attached to the newly freed re 
maining nitrogen of the diaza crown. Of course, the use 
of the amine protecting groups might be bypassed by 
directly reacting the parent diaza crown with a limited 
quantity of an electrophile such as a nitrohalobenzene 
or benzoquinone, then separating the desired mono-sub 
stitution product from unreacted crown and di-substitu 
tion products. However, the di-substitution product 
would not be recyclable. In the particular case that one 
ligand group is a -CH2COO or an ester or amide 
derived therefrom, a useful approach is to react the 
parent diaza crown with one equivalent of bromoacetyl 
bromide, BrCH2COBr, under high-dilution conditions. 
This reaction is shown below as Reaction Scheme 2: 
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Reaction Scheme 2 

^ory 
Ha-N Na-H 

Suo 2 
BrCH2COBr 
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C 
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^ory 
COO N N/ 

So 2 
Upon hydrolysis of the amide bond, one nitrogen 

would be freed to allow attachment of a fluorophore by 
the usual reactions already described above. 
The diaza crowns that do not have liganding substitu 

ents attached to the main crown ring actually have very 
poor cation affinities and selectivities (36) and of course 
lack any optical properties. Several workers have previ 
ously tried adding one liganding substituent above the 
plane formed by the main crown ring (37-39). Such 
structures, dubbed "lariats' for their shape, can have 
modestly improved Nat affinities. Some "lariats' can 
extract alkali and alkaline-earth cations into 1,2- 
dichloroethane from aqueous medium at high pH 
(38,39). However, selectivities for Na+ over K+ are 
poor, < 1 log unit, and none has been shown to respond 
optically to Nat in a purely aqueous medium. Our 
initial trials of crowns with one axial substituent 
(1A-1C) confirmed their inadequate Nat affinity and 
axial substitutents to two aromatic ether or sp?nitrogen 
ligand groups, adequate to very good selectivity and 
affinity for Na+ resulted. The highest Na+ affinities 
and selectivities over K were obtained with quinoline 
or acridine ring nitrogens as the axial donors, but de 
spite many permutations, all such chelators suffered 
from inadequate proton rejection and low fluorescence 
quantum efficiencies. The latter properties were greatly 
improved by changing the axial donors to aromatic 
ether oxygens. Upon extension of the aromatic rings to 
form suitable fluorophores, Na+ indicators SBFP, 
SBFI and SBFO were obtained with properties suitable 
for biological application. SBFP and SBFI have some 
what better Na+ affinity and selectivity than SBFO, but 
SBFO has somewhat longer wavelengths of excitation 
and higher quantum efficiency of fluorescence. SBFI is 
our currently preferred indicator because (1) it is the 
most easily loaded into cells by hydrolysis of its acetox 
ymethyl ester, (2) its excitation and emission wave 
lengths are slightly longer than SBFP, (3) its ionic selec 
tivities are slightly better than SBFP, and (4) the bright 
ness of its fluorescence seems adequate. 

In retrospect, the Na+ to K+ selectivities (20 to 500) 
and Na+ to divalent cation selectivities (> 1) of 
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2CC-2NN are unexpectedly good compared to re 
cently reported results with other derivatives of dia 
za15-crown-5 (40-43). Addition of carboxymethyl 
groups to both nitrogens gives a chelator dianion 
(40,41) with a strong preference for divalent and triva 
lent metals over Na+. Gokel and coworkers (42,43) 
have synthesized several "bibracchial lariat ether' de 
rivatives of diaza(15-crown-5. These "BiBLEs" have 
liganding sidearms on each nitrogen, linked through 
flexible aliphatic linkages rather than rigid aromatic 
rings. They show Na+/K+ selectivities of only 1.0 to 
4.9 even though they were measured (43) in anhydrous 
methanol, a solvent known to foster much higher abso 
lute affinities and selectivities (17) than the aqueous salt 
solutions in which biologists must work. The improved 
selectivities of the present compounds may at least 
partly arise from the rigidity of our pendant aromatic 
groups, which force the crown nitrogen and the pen 
dant ligand -OMe or -N= into a cis conformation 
ready to make the desired five-membered chelate ring 
with the Na+ ion. Indeed, the bulkier and more rigid 
the heteroaromatic ligand, the higher the observed 
Na+/K+ selectivity (compare 2JJ, 2DD, and 2II). 
Though SBFI is at the low end of the selectivity 

range, it remains useful inside cells for two reasons. 
Firstly, Na binding affects its spectra more strongly 
than does K+ binding, so that replacement of a bound 
K by a Nat is spectroscopically visible. Secondly, 
under most circumstances cellular Na+ and K are not 
free to vary independently but are constrained by os 
motic balance and electroneutrality to have a constant 
sum which is approximately known (31,44). Under 
these conditions, Nai can be calibrated even when it 
is (10% of K+. The main effect of the imperfect 
selectivity is to compress the dynamic range of the 
fluorescence signal. Calibration and interpretation 
would become more problematic if the cells were sub 
jected to drastic changes of osmolarity or ionic substitu 
tions. 

Higher Nat affinities and selectivities are known to 
be attainable in cryptands (5,22) and spherands (8,9), 
chelators whose metal binding sites are more rigidly 
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defined in three dimensions than those of the modified 
crown ethers exploited in this work. The choice was 
made, originally, to avoid these more elaborate struc 
tural types mainly because the conformational rigidity 
and preorganization of their cavity would tend to re 
duce the spectroscopic shift upon metal binding. The 
large spectral shifts obtained with our crown ethers are 
analogous to protonation of the aromatic amino groups 
or to Ca2+ binding to tetracarboxylate indicators like 
fura-2. Such shifts are consistent with a mechanism in 
which cation binding causes a major loss of conjugation 
between the amino groups and the rest of the chromo 
phore, at least partly by twisting the >N-Ar bond 
(13,16,18). 
Molecular models of analogous cryptands suggested 

to us that the >N-Ar bond would start mostly twisted 
even before metal binding. Indeed, in one cryptand 
indicator of Nat, the spectral shifts were modest, at 
most 30% change in intensity at any wavelength (6). 
However, a more recent cryptand has been shown (7) to 
give a large emission shift upon Nat binding, a finding 
that suggests that in the excited state there is more 
DN-Ar conjugation for Nat to disrupt. Spherands 
are even larger, more hydrophobic, and more rigid. The 
main mechanism by which they can give optical shifts 
upon metal binding is by ejection of a proton from the 
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cavity (9), but this mechanism inherently must be pH 
sensitive, an unwanted feature. The three-dimensional 
rigidity of both cryptands and spherands also tends to . 
slow the kinetics of association and dissociation of cati 
ons; dissociation time constants of seconds to days often 
result (45). Finally, it should be noted that excessive 
Nat affinity (9) would actually be undesirable in an 
indicator intended to signal free Na+) concentrations 
without perturbing them. Instead, the dissociation con 
stant should ideally be at the middle of the range of 
physiological concentrations of interest, therefore in the 
5-20 mM range as actually achieved in SBFP and SBFI. 

Spectral and Cation-Binding Properties 
SBFI has extinction coefficients of 42,000-47,000, as 

expected for molecules containing two styryl chromo 
phores. Its fluorescence quantum efficiency is respect 
able, 0.08 and 0.045 with and without Na. Both the 
Na+ affinity and K+ affinities, 166M-1 and 7M-1, are 
a little stronger than those of the model compound 2JJ. 
Some or all of this increment may just be the electro 
static attraction of the four remote carboxylates for 
cations. However, the highest pKa, 6.1, is still low 
enough so that most physiological pH variations will 
have little effect on the dye spectra or effective Nat 
affinity. To enable physiochemical comparison with 
earlier chelators, the above affinities were measured 
against truly inert background cations such as tetra 
methylammonium or Cs, at a pH high enough for 
protonation to be completely negligible. Biologically 
more relevant values are obtained in Na-K mix 
tures. When the sum of the two cations is held constant 
at 135 mM, with 1 mM Mg2+ present at pH 7.05 as 
would be reasonable for vertebrate cytoplasm, the ap 
parent dissociation constant for Na+ is 17-19 mM, as 
may be seen in FIG. 2A. Na+ binding shifts both the 
excitation and emission spectra to shorter wavelengths. 
Though Nat shifts the excitation peak wavelength only 
8 nm from 344 to 336 nm, it also makes the long 
wavelength side of the excitation spectra roll off much 
more steeply. The ratios of excitation efficiencies at 
335-340 to that at 375-380 nm therefore undergoes a 
large increase with Nat binding. This sort of spectral 
shift is roughly similar to the way fura-2 responds to 
Ca2+, except that SBFP and SBFI are excited at 
slightly shorter wavelengths and do not change their 
ratio quite as much as fura-2 does (13). The emission 
spectra of SBFP and SBFI (FIG. 3) shift very little as 
Nat replaces Kit, so that these dyes are like fura-2 in 
being most sensitive in excitation ratioing rather than 
emission ratioing (13). 

Selectivities of SBFP and SBFI against other cations 
are also adequate (Table I). In the presence of 13.5 mM 
Na and 121.5 mM K, the highest apparent pKa of 
SBFI is 6.09. Moreover, acidification depresses the 
335-340 nm and the 375-380 nm excitation amplitudes 
about equally (FIG. 4), so that the ratio does not change 
significantly. Ratioing therefore not only normalizes for 
amount of dye in the optical path but also improves the 
discrimination against pH changes. Li binding causes 
a greater shift of the SBFI excitation peak to shorter 
wavelengths but a lesser increase in amplitude than 
Na+ binding does; the Li affinity, 15M-1 (K 67 
mM), is also weaker than the Nat affinity. Dissociation 
constants for Mg2+ and Ca2+ are high enough (about 
60 nM and 38 mM respectively) for cytosolic levels of 
those ions to have insignificant effect. Curiously, Ca2+ 
is unique in causing a large hypsochromic shift of the 
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emission peak, to 432 nm. All the above-mentioned salts 
except tetramethylammonium seem to cause a slight 
non-specific quenching of SBFI at very high concentra 
tions. For example, CsCl causes no spectral shift at all, 
but 100, 200, and 500 mM CsCl depress the fluorescence 
by 9, 14, and 21% from the metal-free level. This effect 
is not a heavy-atom effect of Cs, since large excesses of 
Lit, Nat, and Kt also slightly quench their SBFI 
complexes. It may represent weak quenching by Cl, 
since acetate and fluoride gave much less of the effect. 
Compared with SBFP and SBFI, SBFO has even 

higher quantum efficiencies of fluorescence, 0.44 and 
0.14 with and without Nat. Because the oxazole group 
in SBFO is more electron withdrawing than the phthal 
ate in SBFP, SBFO has somewhat longer wavelengths 
of excitation and emission as well as a reduced affinity 
for Nat, 20M-1. This 50 mM dissociation constant 
with tetramethylammonium as background ion rises to 
95 mM when measured against a K background with 
(Na++K+) = 135 mM (FIG. 5). Again, Na+ binding 
causes a large change in the ratio of excitation efficien 
cies at 340-350 nm to 380-390 nm, rather like the effect 
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of Ca2+ on the related fura-2. Competition from pro 
tons is also reduced, with a highest pKa of only 5.34. 
To check the basis for the Nat selectivity of the 

above indicators, we synthesized 3JJ-3NN, analogs of 
2JJ-2NN but with six heteroatoms in an 8-membered 
ring instead of the usual five heteroatoms in a 15-mem 
bered ring. As expected, the increased cavity size made 
K+ the preferred cation, though by only a small mar 
gin over Na+ (Table I), 3NN is named "PBFP' for 
potassium-binding benzofuran phthlate. Its excitation 
spectra are shown in FIG. 6 under the usual conditions 
of Nat)+K+) = 135 mM. Now it is increasing K+ or 
decreasing Nat that enhances the fluorescence at 340 
nm excitation. The apparent Kd for Kt is 70 mM. Curi 
ously, Kt increases the intensity without much change 
in wavelength, so that PBFP works best at a 10 single 
wavelength rather than in dual-wavelength ratio mode. 
Though its K:Nat selectivity is small, it may find 
some use for intracellular (though not extracellular) 
measurements because (K+) usually far exceeds Nati. 
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EXPERIMENTAL PROCEDURES 

UV absorbance spectra were recorded initially on a 
Cary 210 and later on a Perkin-Elmer Lambda Array 
3840 spectrophotometer. Fluorescence excitation and 
emission spectra and quantum efficiencies were mea 
sured on a Spex Fluorolog 111 as described previously 
(13). 

Proton dissociation constants of the chelators were 
measured by spectrophotometry or spectrofluorometry 
of buffered solutions, containing either 100 mM tetra 
methylammonium chloride as inert supporting electro 
lyte, or 121.5 mM K+, 13.5 mM. Na+, and 1 mM Mg2+ 
to simulate the cation environment of vertebrate cyto 
plasm (14). Traces of UV-absorbing impurities in the 
tetramethylammonium chloride (Alfa Inorganics) were 
removed by filtration through acid-washed activated 
charcoal. The concentration of the tetramethylammo 
nium chloride was then measured by chloride titration, 
and the absence of significant Na contamination was 
verified with a sodium-selective glass electrode (Micro 
electrodes Inc.). When the chelators contained two 
protonatable nitrogens, the curve of absorbance or fluo 
rescence versus pH was analyzed by computerized 
least-squares fitting to the equations for two arbitrary 
proton equilibria (15), with the added assumption that 
the two protonations each caused the same change in 
extinction coefficient or fluorescence. This assumption 
was based on the presence of two identical chromo 
phores in each chelator and produced good fits to the 
experimental data. 

Affinities for other cations were usually measured by 
titrating aqueous solutions of the indicator with metal 
chlorides added either as solid or from concentrated 
stock solutions, taking care to minimize dilution and 
correct for it. A convenient way to mass-produce pre 
measured micromole to millimole aliquots of solid NaCl 
or KCl was to pipet saline solutions into polypropylene 
micro test tubes and evaporate the water in an oven. 
The standard ionic background was again 100 mM tet 
ramethylammonium chloride, usually with a few mM of 
tris(hydroxymethyl)-aminomethane base to hold the pH 
high enough (pH 8-9) to insure that protonation was 
negligible. This convenient titration procedure had the 
slight disadvantage that the ionic strength was not con 
stant, especially when large quantities of a salt had to be 
added due to weak affinities. However, even drastic 
alterations in ionic strengths were found to have rela 
tively little effect on apparent dissociation constants 
(Table I), as expected for monovalent cations binding to 
uncharged chelator sites. When constant ionic strength 
was desired, the chelator was made up at identical con 
centrations in matched solutions of NaCl, KCl, or tetra 
methylammonium chloride, then these stocks were 
mixed in the desired proportions. All measurements 
were made at room temperature (22°, -2. C.). 

COMPOUND SYNTHESIS 

Proton NMR spectra were recorded on a Varian 
Instruments EM-390 at 90 MHz and on a 200 MHz 
Fourier-transform instrument (UCB-200) constructed in 
the Department of Chemistry, University of California, 
Berkeley. Peaks are reported below in the following 
format: NMR (solvent, operating frequency); chemical 
shift 8 in ppm downfield from tetramethylsilane, multi 
plicity (s=singlet, d = doublet, dd=doublet of doublets, 
t=triplet, q = quartet, m = multiplet, br=broad), spin 
spin coupling constant if appropriate, integrated num 
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ber of protons; sometimes several adjacent peaks are too 
close for their integrals to be separated, in which case 
only the total integral for a cluster is stated. Column 
chromatography, reverse-phase thin layer chromatog 
raphy, and preparative layer chromatography were 
done on EM Sciences (Cherry Hill, N.J.) types 93.85, 
15687, and 5717 media respectively; centrifugal chro 
matography was performed on 1 mm layers cast from 
EM Sciences 7749 silica mounted in a model 7924T 
Chromatotron (Harrison Research, Palo Alto, Calif.). 
Unless otherwise stated, temperatures are in degrees 
Centigrade. 
N-(4-amino-2-carboxyphenyl)-aza15-crown-5 (1B) 
2-Chloro-5-nitrobenzoic acid (Aldrich) (50.5 mg, 0.25 

mmole) and 1-aza-4,7,10,13-tetraoxacyclopentadecane 
(46) (220 mg, 1 mmole) were heated together under 
reflux in pyridine (1 ml) overnight. The reaction mix 
ture was evaporated to dryness in vacuo and purified by 
preparative thin layer chromatography (silica gel) to 
give N-(4-nitro-5-carboxyphenyl)-aza15-crown-5 as a 
yellowish brown gum (100 mg, 26% yield). NMR 
(CD3OD, 90 MHz) 88.25, d, 3 Hz, 1H; 8.10, dd, 7 Hz, 
3 Hz, 1H; 7.55, d, 7 Hz, 1 H; 3.65, s-- m, 16H; 3.20, t, 4H. 
The nitro-compound (60 mg) was dissolved in ethanol 
(2 ml) and hydrogenated at room temperature and at 
mospheric pressure with 15 mg palladium (5% on char 
coal) catalyst. After full hydrogen uptake the mixture 
was filtered and the solvent evaporated in vacuo to give 
an off-white solid (50 mg, 94% yield) of 1B. NMR 
(CD3OD, 90 MHz) 8 6.93, d, 7 Hz, 3 Hz, 1H; 3.50, 
s--m, 16H; 3.10, t, 4H. 
N-(5-acetamido-8-quinolinyl)-aza15-crown-5 (1C) 
8-Tosyloxy-5-nitroquinoline (80 mg, 0.25 mmole) 

prepared by tosylation of commercial 8-hydroxy-5- 
nitroquinoline in pyridine) and 1-aza-4,7,10,13-tetraox 
acyclopentadecane (220 mg, 1 mmole) were heated 
together under reflux in pyridine (2 ml) overnight. The 
reaction mixture was evaporated to dryness in vacuo 
and purified by preparative thin layer chromatography 
(silica gel) to give N-(5-nitro-8-quinolinyl)-aza15 
crown-5 as a brown gum (105 mg, 25% yield). NMR 
(CDCl3, 90 MHz) 88.90, dd, 9 Hz, 2 Hz, 1H; 8.45, d, 3 
Hz, 1H; 8.09, d, 9 Hz, 1H; 7.25, dd, 9 Hz, 3 Hz, 1H; 6.72, 
d, 9 Hz, 1 H; 3.72, m, 8H; 3.30, s--m, 12H. The nitro 
compound (50 mg) was dissolved in acetic anhydride 
and hydrogenated at room temperature and atmo 
spheric pressure with 10 mg palladium (5% in charcoal) 
catalyst. After full hydrogen uptake the mixture was 
filtered and the solvent evaporated to give 1C as a 
brown solid (40 mg, 80%). NMR (CD3OD, 90 MHz) 8 
2.30, s, 3H; 3.40, m, 16H; 3.60, m, 4H; 7.20, m, 2H; 7.60, 
d, 9 Hz, 1H; 8.50, dd, 9 Hz, 2 Hz, 1H; 8.40, m, 1H. 
N,N-bis-(5-acetamido-8-quinolinyl)-diaza15-crown-5 

(2CC) 
8-Tosyloxy-5-nitroquinoline (0.85g, 2.5 mmole) and 

commercial 1,7-diaza-4,10,13-trioxacyclopentadecane 
(Kryptofix 21, EM Sciences) (0.19 g, 0.8 mmole) were 
heated together under reflux in pyridine (5 ml) over 
night. The reaction mixture was evaporated to dryness 
in vacuo and purified by preparative thin layer chroma 
tography (silica gel) to give N,N-bis-(5-nitro-8- 
quinolinyl)-diaza15-crown-5 as a brown gum (180 mg, 
32%). NMR (CDCl3, 90 MHz) 89.35, dd, 2 Hz, 8 Hz, 
1H; 8.70, dd, 2 Hz, 3 Hz, 1 H; 8.40, d, 9 Hz, 1H; 7.5, dd, 
8 Hz, 3 Hz, 1H; 6.89, d, 9 Hz, 1H; 4.10, m, 6H; 3.70, s, 



5,134,232 
27 

4H. The nitro compound (60 mg) was dissolved in 
acetic anhydride (2.5 ml) and hydrogenated at room 
temperature and atmospheric pressure with 20 mg palla 
dium (5% on charcoal) catalyst. After full hydrogen 
uptake, the mixture was filtered and the solvent evapo 
rated to give 2CC as a light brown solid (50 mg, 83%). 
NMR (CDOD, 90 MHz) 88.50, dd, 2 Hz, 8 Hz, 2H; 
8.20, m, 2H; 7.85, d, 5 Hz, 2H; 7.40, m, 4H; 3.78, s, 4H; 
3.48, m, 16H; 3.30, s, 6H. 
N,N-bis-(5-acetamido-2-methyl-8-quinolinyl)-diaza15 

-crown-5 (2DD) 
8-Tosyloxy-5-nitro-2-methylquinoline (0.8 g, 2 

mmole), prepared by tosylation of 5-nitro-2-methyl-8- 
quinolinol (47), was heated under reflux with 1,7-diaza 
4,10,13-trioxacyclopentadecane (0.110g, 0.5 mmole) in 
pyridine (5 ml) overnight. The reaction mixture was 
evaporated to dryness in vacuo and purified by prepara 
tive thin layer chromatography (silica gel) to give N,N- 
bis-(5-nitro-2-methyl-8-quinolinyl)-diaza 15-crown-5 as 
a reddish brown gum (85 mg, 29%). NMR (CDCl3, 90 
MHz) 89.25, d, 9 Hz, 2H; 8.45, d, 9 Hz, 2H; 7.35, dd, 9 
Hz, 2 Hz, 2H; 6.85, dd, 9 Hz, 2 Hz, 2H; 4.00, m, 16H; 
3.60, t, 4H; 2.62, s, 3H. The nitro compound (60 mg) 
was dissolved in acetic anhydride (5 ml) and hydroge 
nated at room temperature under atmospheric pressure 
with 0.02 g palladium (5% on charcoal) catalyst. After 
full hydrogen uptake the mixture was filtered and the 
solvent evaporated in vacuo to give 2DD as a brown 
solid (0.04 g, 78%). Mass spec. (FAB) m/e=615 
(M+ + 1). 
1,8-bis-(6-methoxy-2-methylquinolinyl-8-amino)-3,6- 

dioxaoctane 
6-Methoxy-2-methyl-8-aminoquinoline prepared by 

the method of Wan et al (21)) (3 g, 16 mmole) was 
dissolved in chloroform (25 ml) and triethylamine (8 ml) 
was added. Then 3,6-dioxa.octanedioyl chloride (22) 
(2.6 g., 12 mmole) in chloroform (5 ml) was added 
slowly with stirring under nitrogen. After 30 minutes 
the reaction mixture was diluted with more chloroform 
and washed with sodium bicarbonate solution and then 
brine. The chloroform solution was then passed 
through a plug of alumina and then evaporated in vacuo 
to obtain N,N-bis-(6-methoxy-2-methyl-8-quinolinyl)- 
3,6-dioxaoctane-1,8-diamide as a white solid (2.4 g, 
60%). M. p. 191-193. NMR (CDCl3, 90 MHz) 88.2, d, 
3 Hz, 2H; 7.58, d, 7 Hz, 2H; 6.95, d, 7 Hz, 2H; 6.45, d, 
3 Hz, 2H; 4.20, s, 4H; 3.92, s, 4H; 3.72, s, 6H; 2.50, s, 6H. 
The amide (3 g, 6 mmole) was dissolved in dry tetra 

hydrofuran (50 ml) and aluminum hydride (23) solution 
(0.6M) in tetrahydrofuran (70 ml) was added slowly, 
and stirred over a period of two hours. Tetrahydrofu 
ran-H2O (1:1, 100 ml) was added followed by ether (200 
ml). Stirring was continued for 30 more minutes and 
sodium hydroxide solution (20%) was added. The total 
reaction mixture was extracted with ether and the com 
bined organic extracts were evaporated to dryness. The 
residue obtained was purified by column chromatogra 
phy (silica gel, ethyl acetate:hexane:triethylamine, 
75:25:l v/v) to give the amine as a white solid (1.6 g, 
57%). M. p. 89-91. NMR (CDCl390 MHz) 67.85, d, 
7 Hz, 2H; 7.20, d, 7 Hz, 2H; 6.35, s, 2H; 3.90, s, 6H; 3.80, 
t, 4H; 3.50, t, 4H; 2.70, s, 6H. 
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N,N-bis-(6-methoxy-2-methyl-8-quinolinyl)-diaza(15 

crown-5 (2EE) 
The above amine (2.25 g, 4.5 mmole) was dissolved in 

chloroform (200 ml) containing dimethylaniline (2.5 ml) 
and acylated under high dilution conditions (5 drops per 
second) with diglycolic acid chloride (855 mg, 5 
mmole) in chloroform (200 ml). The reaction mixture 
was evaporated in vacuo and the residue purified by 
column chromatography (silica gel) to give the amide as 
a white solid (1.8 g., 70%). M. p. 231'-233. NMR 
(CDCl3,90 MHz) 88.15, d, 9 Hz, 2H; 8.00, m, 2H; 7.40, 
d, 9 Hz, 2H; 7.30, d, 3 Hz, 2H; 4.25, s, 6H; 4.00, s--m, 
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20H; 2.85, s, 6H. 
The macrocyclic amide (1.2 g, 2 mmole) was dis 

solved in dry THF (120 ml) and aluminum hydride 
(0.6M) in THF (25 ml) was added slowly and stirred 
over a period of two hours. THF-H2O (1:1, 100 ml) was 
added, followed by ether (200 ml). Stirring was contin 
ued for 30 more minutes and sodium hydroxide solution 
20% was added. The total reaction mixture was ex 
tracted with ether and the combined ether extracts were 
evaporated to dryness. The residue obtained was puri 
fied by column chromatography (silica gel) to give 2EE 
as a whitish foam (340 mg, 30%). NMR (CDCl3, 90 
MHz) 8 7.75, d, 9 Hz, 2H; 7.05, d, 9 Hz, 2H; 6.70, d, 3 
Hz, 2H; 6.48, d, 3 Hz, 2H; 3.70, s--m, 26H; 2.50, s, 6H. 
N,N-bis-(6-hydroxy-2-methyl-8-quinolinyl)-diaza15 

crown-5 (2FF) 
N,N-bis-(6-methoxy-2-methyl-8-quinolinyl)- 

diaza15)-crown-5 (50 mg, 0.9 mmole) was dissolved in 
dry tetrahydrofuran (1 ml) and added to a solution (2 
ml) of diphenylphosphine 0.5 ml in 1.5 ml of dry THF 
and 0.35 ml of 9.5M n-butyllithium in hexane. The mix 
ture was stirred for three hours and water was added. It 
was then extracted three times with chloroform 
methanol 9:1 and two times with ethyl acetate. The 
combined organic extracts were evaporated to dryness 
and triturated with hexane. The residue of 2FF was 
purified by centrifugal chromatography with chloro 
form-methanol (4:1 v/v). 

N,N'-bis(2-(3,4-dicarboxyphenyl)-7-methylfuro 
3,2-fauinolin-5-yl)-diaza15-crown-5 (2GG methyl 

ester) (=SQFP/Me) 
The above hydroxyquinoline was used directly for 

formylation by dissolving it in dimethylformamide (300 
ul) and adding 0.5 ml of a 1:4 (v/v) mixture of POCl3 
and dimethylformamide. After stirring for two hours, 
water was added to quench the reaction mixture fol 
lowed by saturated potassium carbonate to basify the 
solution. The reaction mixture was then extracted three 
times with chloroform and the combined chloroform 
extracts were back-washed with water and evaporated 
to give the salicylaldehyde as a yellow gum. The gum 
was purified by centrifugal chromatography with ethyl 
acetate to give the salicylaldehyde derivate (20 mg, 
38%). NMR (CDCl3, 90 MHz) 8 10.30, s, 1H (alde 
hyde); 8.30, d, 9 Hz, 2H; 7.15, d, 9 Hz, 2H; 6.45, s, 2H; 
3.90, m, 16H; 3.60, s--n, 4H; 2.50, s, 6H. 
The salicylaldehyde (10 mg, 0.017 mmole), potassium 

carbonate (40 mg), dimethyl 4-bromomethylphthalate 
(24) (14 mg, 0.05 mmole) and dimethylformamide (500 
ul) were heated together at 140" (bath temperature) for 
four hours. The mixture was allowed to cool and chlo 
roform with 10% methanol was added. The entire mix 
ture was washed with water and evaporated 
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The residue was purified by centrifugal chromatogra 
phy with chloroform-methanol (9:1 v/v) to give SQPF 
(2GG) methyl ester a a light brown gum (5.5 g, 33%) 
NMR (CDCl3, 200MHz) 82.75, s, 6H; 3.80, s--m, 32H; 
8.10, d, 2H; 7.50, d, 2H; 7.60-7.80, s--m, 8H. 
N,N-bis-(1-acetamidoacridin-4-yl)-diaza15-crown-5 

(2HH) and 
N,N-bis-(1-succinamidoacridin-4-yl)-diaza 15-crown-5 

(2II) 
4-Methoxyacridine (1.4g, 6.67 mmole) was dissolved 

in acetic anhydride (5 ml) and cooled to 0. Concen 
trated nitric acid (1 eq, 0.7 ml) was added, followed by 
concentrated sulphuric acid (1 eq, 0.7 ml). After stirring 
for 1 hr, the product was filtered and the residue was 
extracted into methylene chloride and washed with 
sodium bicarbonate solution. It was then dried and 
evaporated in vacuo to give 1.2 g (70%) of 4-methoxy 
1-nitroacridine, NMR (CDCl3,90 MHz) 8=4.20, s, 3H; 
6.95, d, 9 Hz, 1H; 6.70-8.00, m, 3H; 8.34, d, 9 Hz, 1H: 
8.55, d, 9 Hz, 1H; 9.82, s, 1H. The methoxy compound 
(500mg) was converted to the 4-hydroxy derivative by 
heating with KOH (2 ml of an 11M aqueous solution) in 
DMSO (20 ml). This was tosylated with pyridine and 
toluenesulfonyl chloride to give the 4-tosyloxy deriva 
tive (260 mg, 34%). NMR (CDCl3, 90 MHz) 8 2.2, s, 
3H; 7.00, m, 2H, 6.30-6.80, m, 7H; 8.20, d, 9 Hz, H; 
9.45, s, 1H. The tosyloxy compound (600 mg, 1.5 
mnole) was dissolved in acetonitrile (4 ml) and 1,7- 
diaza-4,10,13-trioxacyclopentadecane (110 mg, 0.5 
mnole) were added, followed by 1,8-bis(dime 
thylamino)naphthalene (290 mg, 2 mmole) and the reac 
tion mixture heated under reflux overnight. The reac 
tion mixture was evaporated in vacuo and the residue 
taken into chloroform and purified by column chroma 
tography (silica gel, ethyl acetate, hexane 1:1) to give 
the N,N-bis-(-nitro-4-acridinyl)-diaza15-crown-5 as a 
yellow gum (180 mg, 27%). NMR (CDCl3, 90 MHz) 8 
3.40, s, 4H; 3.82, m, 16H; 6.50, d, 9 Hz, 2H; 6.95, d, 9 Hz, 
2H; 7.30, t, 9 Hz, 4H; 7.65, d, 9 Hz, 2H; 8.20, d, 9. Hz, 
2H; 9.68, s, 2H. 
The nitro-crown compound (70 mg, 0.1 mmole) was 

added to stannous chloride (200 mg in 2 ml ethanol), 
concentrated hydrochloric acid (3 ml), and ethanol (3 
ml) and stirred overnight at room temperature. The 
reaction mixture was neutralized with sodium bicarbon 
ate and extracted into chloroform. The chloroform 
layer was treated with acetic anhydride to give 2HH, 
which was purified by column chromatography (silica 
gel, chloroform: methanol 85:15) to a soft yellow solid 
(30 mg, 41.6%). NMR (CDCl3,90 MHz) 82.45, s, 6H; 
3.55, m, 20H; 6.30, t, 4H; 6.80, t, 2H; 7.30, d, 9 Hz, 2H; 
7.50, d, 9 Hz, 2H; 7.82, d, 9 Hz, 2H; 9.15, s, 2H. 
The succinamide derivative (2II) was obtained by 

reduction of the nitro compound (45 mg, 0.064 mmole) 
with stannous chloride (150mg) and conc. HCl (3 ml) in 
ethanol. The resulting amine hydrochloride was 
washed repeatedly with ethanol, dissolved in pyridine 
(1.5 ml), and treated with succinic anhydride with stir 
ring. The reaction was complete in three hours and the 
product (2II) was purified by column chromatography 
(silica gel, 10% methanol in chloroform) (15 mg, red 
dish yellow soft solid, 28%). Mass spec. (FAB) 
m/e=802 (M+). 

N,N'-bis-(4-acetamido-2-methoxyphenyl)-diaza(15 
crown-5 (2JJ) 

2-Fluoro-5-nitroanisole (26) (250 mg, 1.5 mmole) was 
heated under reflux with 1,7-diaza-4,10,13-trioxacy 
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clopentadecane (108 mg, 0.5 mmole) in pyridine (5 ml) 
overnight. The reaction mixture was evaporated in 
vacuo and the residue purified by preparative thin layer 
chromatography (silica gel) to obtain N,N-bis-(4-nitro 
2-methoxyphenyl)-diaza 15-crown-5 as a light yellow 
oil (120 mg, 23%). NMR (CDCl3, 90 MHz) 8 7.80, dd, 
8 Hz, 3 Hz, 2H; 7.70, d, 3 Hz, 2H; 6.89, d, 8 Hz, 2H; 3.87, 
s, 6H; 3.68, s+ m, 20H. The nitro compound (0.05 g) 
was dissolved in acetic anhydride and hydrogenated at 
room temperature and atmospheric pressure with 0.02 g 
palladium (5% on charcoal) catalyst. After full hydro 
gen uptake the mixture was filtered and the solvent 
evaporated in vacuo to give 2JJ as a whitish semi-solid 
(43 mg, 82%). Mass spec.: m/e=544 (Mt); m/e = 513 
(M+-OMe). 

N,N-bis-(3,6-dioxocyclohexa-1,4-dienyl)-diaza(15 
crown-5 (2KK) 

p-Benzoquinone (2.0 g, 18.5 mmole) and 1,7-diaza 
4,10,13-trioxacyclopentadecane (400 mg, 1.8 mmole) 
were dissolved in a 1:1 mixture of chloroform and meth 
anol (13 ml) and heated under reflux overnight. The 
reaction mixture was evaporated off in vacuo and the 
residue dissolved in a large volume of chloroform and 
filtered through a column of silica gel packed in ethyl 
acetate. The excess benzoquinone was removed with 
more ethyl acetate and the product (2KK) was obtained 
by eluting with 4% methanol in ethyl acetate. Evapora 
tion of the solvent gave 2KK as a deep red foam (600 
mg, 76%). NMR (CDCl3, 90 MHz) & 3.75, s, 4H; 3.88, 
s, 16H; 5.68, d, 1.5 Hz, 2H; 6.48, dd, 1.5 Hz, 4H. 

N,N-bis-(2,5-dimethoxyphenyl)-diaza 15-crown-5 
(2LL) 

The bis-quinone (2KK) (210 mg, 0.49 mmole) was 
dissolved in 2 ml methanol and hydrogenated with 33 
mg of palladium (5% on charcoal) catalyst at atmo 
spheric pressure and room temperature. When H2 up 
take ceased after 1.5 hrs, the solution had changed to a 
dull yellowish brown color. The reaction flask was 
stirred under a slight positive pressure of H2 while ap 
proximately 1 mmole of tetramethylammonium hydrox 
ide pentahydrate was injected as a 4M solution in meth 
anol through a gas-tight rubber septum into the mixture. 
Then 1 mmole of neat dimethyl sulfate was similarly 
injected using a separate syringe. The alternate injec 
tion of tetramethylammonium hydroxide then dimethyl 
sulfate was repeated nine more times over the next 2.5 
hrs, for a total of 10 mmoles each of base and alkylating 
reagent. This cyclical procedure of partial deprotona 
tion and methylation was found to give better results 
than adding all the base and all the alkylating reagent 
simultaneously, in which case the latter two mainly 
destroy each other. Also by conducting the alkylation 
under H2, the strong tendency of the phenoxide anion to 
re-oxidize was suppressed. Once the alkylation was 
complete, the product was reasonably stable to air and 
could be worked up by evaporating the methanol in 
vacuo, dissolving the residue in water, neutralizing the 
alkalinity with acetic acid, and extracting with chloro 
form. Evaporation of the chloroform gave 252 mg 
crude 2LL (105% of the stoichiometrically expected 
weight), which could be purified by centrifugal chro 
matography. NMR (CF3COOH, 90 MHz) 83.95, m--s, 
32H; 7.15, m, 6H. 
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N,N-bis-(2-methoxy-5-hydroxy-4-formylphenyl)- 
diaza15-crown-5 (2MM) 

The dimethoxy compound (2LL) (30 mg, 0.06 
mmole) was dissolved in dimethylformamide (200 ul) 
and kept at 0'. 0.5 ml of a 1:4 (v/v) mixture of POCl3 
and dimethylformamide was added and the reaction 
mixture stirred for 1 hour. Water (2 ml) was added to 
quench the reaction mixture followed by addition of 
saturated potassium carbonate to basify the solution. 
The reaction mixture was then extracted 3 times with 
chloroform. The combined chloroform extracts were 
back-washed with water and evaporated in vacuo to 
give the dimethoxyaldehyde as a yellow gum (25 mg, 
75%). NMR (CDCl3, 90 MHz) 83.80, m, 20H; 3.98, s, 
6H; 4.20, s, 6H; 6.70, s, 2H; 7.48, s, 2H; 10.68, s, 2H. 
The dimethoxyaldehyde (15 mg, 0.027 mmole) was 

dissolved in nitromethane (2 ml). Saturated zinc chlo 
ride in nitromethane solution (1 ml) was added, fol 
lowed by 2 ml of 1.0M BCl3 solution in dichlorometh 
ane. The reaction mixture was stirred for 1.5 hours and 
a 1:1 mixture of water and methanol (2 ml) was added. 
Stirring was continued for 30 min and potassium car 
bonate-EDTA solution was added. Stirring was contin 
ued for 30 more minutes and the mixture was extracted 
with chloroform (3 times), followed by ethyl acetate (1 
time). The combined organic extracts were washed 
with water and purified by centrifugal chromatography 
on ethyl acetate to give 2MM as a yellow soft solid (11 
mg, 78%). NMR (CDCl3,90MHz) 83.75, m, 20H; 3.85, 
s, 6H; 6.50, s, 2H; 6.88, s, 2H; 9.84, s, 2H (aldehyde); 
11.50, s, 1H, OH hydrogen bonded. 
N,N'-bis-(2-(3,4-dicarboxyphenyl)-5-methoxybenzofu 

ran-6-yl)-diaza 15-crown-5 (2NN Meester) 
(=SBFP/Me) 

The salicylaldehyde (2MM) (9 mg, 0.017 mmole), 
potassium carbonate (40 mg), dimethyl 4-bronome 
thylphthalate (11 mg, 0.04 mmole), and dimethylform 
amide (0.5 ml) were heated together at 140" (bath temp.) 
for 4 hours. The mixture was allowed to cool. Chloro 
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form with 10% methanol (3 ml) was added. The entire 
mixture was washed with water and evaporated in 
vacuo. The residue was dissolved in 5% MeOH in chlo 
roform and purified by centrifugal chromatography 
with chloroform-methanol (24:1 v/v) to give SBFP/Me 
as a light brown gum (5 mg, 33%). NMR (CD3OD, 
CDCl3 1:9, 200 MHz) 83.70, m, 20H; 3.97, 2s, 6H; 3.99, 
2s, 6H; 4.10, 2s, 6H, 7.04, m, 2H; 7.10, s, 2H; 7.85, d, 2H; 
7.95, d, 2H; 8.13, s, 2H. 
N,N-bis-(2-(5-carboxyoxazol-2-yl)-5-methoxybenzofu 

ran-6-yl)-diaza(15-crown-5 (200 ethyl ester) 
(=SBFO/Et) 

The salicylaldehyde (2MM) (6 mg, 0.012 mmole), 
potassium carbonate (40 mg), ethyl 2-chloromethylox 
azole-5-carboxylate (13) (12 mg, 0.068 mmole), and 
dimethylformamide (300 l) were heated together at 
100' for 1 hour. The reaction mixture was allowed to 
cool and chloroform (3 ml) was added and the entire 
mixture washed with water to get rid of the solid potas 
sium carbonate. The organic layer was evaporated in 
vacuo and taken into 5% methanol-chloroform for puri 
fication by centrifugal chromatography using chloro 
form-methanol (24:1 v/v). The product, SBFO/Et, was 
obtained as a yellow gum (5 mg, 57%). NMR (CD3OD, 
CDCl3 1:9, 200 MHz) 8, 1.21, t, 6H; 3.60-3.80, m, 16H; 
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3.98, s, 4H; 4.45, q, 4H; 4.80, d, 2H; 7.18, s, 2H; 7.55, s, 
2H; 7.75, s, 2H; 7.92, s, 2H. 
N,N-bis-(2-(2,4-dicarboxyphenyl)-5-methoxybenzofu 

ran-6-yl)-diaza15-crown-5 (2PP methyl ester) 
(=SBFI/Me) 

Dimethyl 4-bromomethylisophthalate was obtained 
by the method of Anzalone & Hirsch (24), using metha 
nol instead of ethanol in the esterification procedure. 
M. p. 80-82. NMR (CDCl3, 90 MHz) 8 3.90, s, 3H; 
3.92, s, 3H; 4.90, s, 2H; 7.45, d, 7 Hz, 1H; 8.05, dd, 2 Hz, 
7 Hz, 1H; 8.50, d, 2 Hz, 1H. 
The above isophthalate ester (150 mg, 0.52 mmole), 

the salicylaldehyde 2MM (40 mg, 77 mmole), K2CO3 
(250 mg, 1.8 mmole), and dimethylformamide (2 ml) 
were heated together at 150' for 2.5 hrs. The mixture 
was diluted with chloroform and filtered. The filtrate 
was washed with water and evaporated in vacuo. The 
gummy residue was purified by centrifugal chromatog 
raphy to give SBFI/Me (28 mg, 41%). NMR (CDCl3, 
200 MHz) 83.60-3.80, m, 20H; 3.90, s, 12H; 3.95, s, 6H; 
7.05, s, 2H; 7.20, s, 2H; 7.30, s, 2H; 7.80, d, 2 Hz, 2H; 
8.20, dd, 7 Hz, 2 Hz, 2H; 8.35, d, 2 Hz, 2H. 
N,N-bis(2-(3,4-dicarboxyphenyl)-5-methoxybenzofu 

ran-6-yl)-diaza18-crown-5 (3.NN Me ester) 
(=PBFP/Me) 

The preparation of PBFP/Me was similar to that of 
SBFP/Me (2NN) except that 1,10-diaza-4,7,13,16-tet 
raoxacyclooctadecane (Kryptofix 22, EM Sciences) 
was used as the crown instead of 1,7-diaza-4,10,13-triox 
acyclopentadecane. The properties of the various inter 
mediates (including 3K, 3L, and 3M) and PBFP are as 
follows: 

N,N-bis-(3,6-dioxocyclohexa-1,4-dienyl)-diaza18 
crown-6 

(3K) was obtained in 70% yield as reddish-brown 
needles. M. p. 153'-155'. NMR (CDCl3, 90 MHz) 6 
3.60-3.80, s--n, 24H; 5.60, d, 1.5 Hz, 2H; 6.48, dd, 1.5 
Hz, 4H. 

N,N-bis-(2,5-dimethoxyphenyl)-diaza18-crown-6 
(3L) was obtained in 55% yield as a gum. NMR 

(CF3COOH, 90 MHz) 83.40-3.80, s--m, 36H; 6.80, m, 
6H. 

N,N-bis-(1,4-dimethoxy-5-formyl-2-phenyl)-diaza18 
crown-6 

was obtained as an off-white soft solid. M.p. 
131-133. NMR (CDCl3, 90 MHz) 83.50-3.70, s--m, 
24H; 3.75, s, 6H; 3.85, s, 6H; 6.50, s, 2H; 7.20, s, 2H; 
10.25, s, 2H (formyl). 
N,N-bis-(1-methoxy-4-hydroxy-5-formyl-2-phenyl)- 

diaza 18-crown-6 
(3M) was obtained as an orange solid. M. p. 134'-136. 

NMR (CDCl3,90 MHz) 83.50-3.70, s+m, 24H; 3.75, s, 
6H; 6.40, s, 2H; 6.90, s, 2H; 9.65, s, 2H (formyl); 11.40, 
s, 2H (hydrogen-bonded OH). 

PBFP/Me 

(3NN methyl ester) was obtained as a light yellow 
gum NMR (CDCl3, 200 MHz) 83.60, m, 8H; 3.67, m, 
16H; 3.90, s, 12H; 3.93, s, 6H; 6.90, s, 2H; 7.10, s, 2H; 
7.48, s, 2H; 7.68, d, 2 Hz, 2H; 7.80, dd, 2 Hz, 1 Hz, 2H; 
7.98, d, 1 Hz, 2H. 
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Saponification of methyl or ethyl esters; preparation of 
acetoxymethyl ester 

The esters of polycarboxylic acids 2NN, 2OO, 2PP, 
and 3NN were hydrolyzed by dissolving them in meth 
anol or dioxane or a mixture of the two solvents, then 
adding excess base, usually tetramethylammonium hy 
droxide (TMA-OH) or cesium hydroxide so that the 
cation would show negligible tendency to bind to the 
chelator. Acetoxymethyl (AM) esters were prepared by 
the standard procedure of realkylation of the polycar 
boxylate anions using acetoxymethyl bromide (13). A 
typical procedure is given below for 2PP (=SBFI) and 
its AM ester: 
SBFI/Me (6 mg, 6.7 mole) was dissolved in 200 ul 

methanol and 200ul dioxane. 1M TMA-OH- (200 ul) 
was added and the reaction left overnight. When hydro 
lysis was complete as judged by reverse-phase thin 
layer chromatography, the mixture was evaporated to 
dryness. The residue was dissolved in dimethyl-forma 
mide (2 ml) and ethyldiisopropylamine (200) and ace 
toxymethyl bromide (300 ul) were added. The suspen 
sion was stirred overnight. Chloroform was added and 
the alkylammonium bromide salts filtered off. The fil 
trate was evaporated in vacuo and the residue purified 
by centrifugal chromatography (silica) to give the prod 
uct as a hard gum (4 mg, 53%). NMR (CDCl3, 200 
MHz) 82.10, s, 6H; 2.18, s, 6H; 3.50-3.80, m, 20H; 3.88, 
s, 6H; 5.95, s, 4H; 6.05, s, 4H; 6.98, s, 2H; 7.05, s, 2H; 
7.20, s, 2H; 7.87, d, 7 Hz, 2H; 8.20, dd, 7 Hz, 2 Hz, 2H; 
8.35, d, 2 Hz, 2H. 
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SPECIFICATION SUMMARY 

From the foregoing description, one of ordinary skill 
in the art can understand that the present invention 
provides new macrocyclic fluorescent chelating com 
pounds for alkali metal cations. The new chelating con 
pounds are comprised of: (1) crown ethers (that may or 
may not have substituent groups attached to the core 
carbons, but will always contain at least one core nitro 
gen) that are linked via the core nitrogen(s) to at least 
one (2) fluorophore that contains heteroaromatic li 
gands. The new fluorescent indicator compounds are 
used to nondestructively observe intracellular alkali 
metal cations such as cytosolic concentrations of free 
Nat, K+, and Lit. Tests in lymphocytes, hepatocytes, 
fibroblasts, smooth muscle cells, and gastric glands 
demonstrate the biological utility of the macrocyclic 
compounds of the present invention for nondestructive 
observation of Nai in individual cells viewed by 
fluorescence microscopy. 
Without departing from the spirit and scope of this 

invention, one of ordinary skill can make various 
changes and modifications to the invention to adapt it to 
various usages and conditions. As such, these changes 
and modifications are properly, equitable, and intended 
to be, within the full range of equivalence of the follow 
ing claims. 
What is claimed is: 
1. The compound SBFI, having the structure: 
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-continued 
OCH3 

COOH 

and the physiologically acceptable non-toxic esters and 
salts thereof, 

2. The compound PBFI, having the structure: 

and the physiologically acceptable non-toxic esters and 
salts thereof. 

3. The compound of claim 1 as the physiologically 
acceptable non-toxic ester. 

4. The compound of claim 3 as the physiologically 
acceptable non-toxic acetoxymethyl ester. 

5. The compounds of claim 1 as the physiologically 
acceptable non-toxic salt. 

6. The compound of claim 2 as the physiologically 
acceptable non-toxic free acid. 

7. The compound of claim 2 as the physiologically 
acceptable non-toxic ester. 

8. The compound of claim 7 as the physiologically 
acceptable non-toxic acetoxymethyl ester. 

9. The compounds of claim 2 as the physiologically 
acceptable non-toxic salt. 

10. A compound or the physiologically acceptable 
non-toxic methyl, ethyl or acetoxylmethyl esters or salts 
thereof wherein said compound is selected from the 
group consisting of: 
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(a) 2 

wherein Argroups in structure 2 are identical and are 
selected from the group consisting of: 

N CH3 

21 21 

NHCOCH3 NHCOCH3 

C D 

N CH3 
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RO 21 

R = CH3 or H 
E F 
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NHCOR NHCOCH3 
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O 

60 

NHCOCH3 

65 COOur COO 

J N 
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OCH3 

11. The compound of claim 10 as the physiologically 
acceptable non-toxic free acid. 

12. The compound of claim 10 as the physiologically 
acceptable non-toxic ester. 

13. The compound of claim 10 as the physiologically 
acceptable non-toxic acetoxymethyl ester. 

14. The compound of claim 10 as the physiologically 
acceptable non-toxic salt. 

15. A compound or the pharmaceutically acceptable 
physiologically hydrolyzable esters or salts thereof, 
wherein said compound is selected from the group con 
sisting of: 

(aa) 2 

ls, ~ 
O O 

wherein the Ar groups in structure 2 are not identical 
and are selected from the group consisting of: 

N N CH3 

21 2 

NHCOCH3 NHCOCH3 

C d 

N NS CH3 

RO 2 

R = CH3 or H 
E F 

20 

25 

30 

35 

45 

50 

55 

65 

40 

-continued 

N OCH3 

O C 
NHCOR NHCOCH3 

R = CH3 or CH2CH2COO 
H J 

with the proviso that when one Ar group is selected 
from C, D, E, F, G or H, the other Argroup is selected 
from J, K, L, M, N, O or P; and 
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(bb) r i 
C. O 
N-- 

wherein the Ar groups instructure 3 are not identical 
and are selected from the group consisting of: 

s N CH3 

21 21 

D 

NHCOCH3 NHCOCH3 

C D 

N CH3 
wS 

RO 21 

R = CH3 or H 
E F 

G 

N OCH3 
wn 

O 21 C 
NHCOR NHCOCH3 

R = CH3 or CH2CH2COO 
H I 

5 

10 

15 

20 

25 

30 

45 

50 

55 

60 

65 

42 
-continued 

2 O OCH3 

O CH3O 

K L 

HO 

CHO 

M N 

O 

N. 

S- O 
COO 

O P 

with the proviso that when one Ar group is selected 
from group C, D, E, F, G and H, the other Argroup is 
selected from group J, K, L, M, N, O or P. 

16. The compound of claim 15 as the physiologically 
acceptable non-toxic free acid. 

17. The compound of claim 15 as the physiologically 
acceptable non-toxic ester. 

18. The compound of claim 15 as the physiologically 
acceptable non-toxic acetoxymethyl ester. 

19. The compound of claim 15 as the physiologically 
acceptable non-toxic salt. 

20. The compound of claim 15 wherein one Argroup 
is selected from groups C, D, E, F, G, H or I, the other 
group is selected from groups N, O or P. 

21. The compound of claim 20 as the physiologically 
acceptable non-toxic free acid. 

22. The compound of claim 20 as the physiologically 
acceptable non-toxic ester. 

23. The compound of claim 20 as the physiologically 
acceptable non-toxic acetoxymethyl ester. 

24. The compound of claim 20 as the physiologically 
acceptable non-toxic salt. 

  

  


